Abstract-This paper describes a simple but effective novel selflearning maximum torque per ampere (MTPA) control scheme for interior permanent-magnet synchronous machine (IPMSM) drives to achieve fast dynamic response in tracking the MTPA points without accurate prior knowledge of machine parameters. The proposed self-learning control (SLC) scheme generates the optimal d-axis current command for MTPA operation after training. Virtual signal injection control (VSIC), which has been recently developed as a novel parameter-independent MTPA points tracking scheme, is utilized to train the SLC and compensate the error of the SLC during its operation. In this way, the proposed SLC can achieve the MTPA operation accurately with fast response and the online training of the SLC will not affect MTPA operation of IPMSM drives. The proposed control scheme is verified by simulations and experiments under various operation conditions on a prototype IPMSM drive system. Index Terms-Interior permanent-magnet synchronous machine (IPMSM), maximum torque per ampere (MTPA) control, self-learning control (SLC), signal injection, signal processing, torque control, virtual signal injection control (VSIC).
I. INTRODUCTION

D
UE TO the high efficiency, high power/torque density, high reliability, and good field-weakening performance [1] - [4] , the interior permanent-magnet synchronous machine (IPMSM) plays an important role in industrial applications especially for electric vehicle traction. In order to control the IPMSM operating at the optimal efficiency points, the maximum torque per ampere (MTPA) control is proposed in [5] - [9] . However, the machine parameters of IPMSMs are highly nonlinear due to magnetic saturation, cross-coupling effects, and parameter dependency on temperature [10] - [12] . Parameter variations due to operating conditions and temperature cause great challenges to detect the accurate MTPA point of IPMSM drives. In order to facilitate accurate MTPA operations of IPMSM drives, look-up tables (LUTs) [12] - [16] and predefined MTPA curves are employed by [1] and [17] to generate d-and q-axis current reference for MTPA operation. However, the accuracy of LUTs and predefined MTPA curves might greatly be affected by manufacture tolerance, material property variations, and temperature variations. Moreover, generations of the LUTs, and predefined MTPA curves not only need expert knowledge and skill, but also are time consuming.
To improve MTPA control accuracy, control schemes for MTPA operation employing online parameter estimations are proposed in [18] and [19] . However, the performances of these control schemes are affected by estimation errors and uncertainty in the model structure in which slotting effect and highorder magneto-motive force harmonics are often neglected.
Therefore, parameter independent MTPA control technique such as search algorithms [20] - [22] and signal injection control schemes [23] - [28] and virtual signal injection control (VSIC) [29] , [30] are proposed as an alternative solution. These control schemes are not affected by parameter uncertainty and lead to relatively accurate MTPA operations. However, they suffer from a slow dynamic response as it takes time for the search-based schemes to converge to MTPA operating points.
In [31] , fuzzy logic is utilized to increase the converging rate of the search algorithm. The output of the fuzzy logic controller in steady state is the change in reference d-axis current and the inputs are the change in power loss and the output of the fuzzy logic controller in the previous step. Although the fuzzy logic controller can increase converge rate, the control scheme is sensitive to current and voltage harmonics and causes torque ripple as a result of d-axis current perturbation.
Another potential solution for improving the convergent rate is to equip these controllers with self-learning. Artificial intelligence based on the neural network and fuzzy logic may serve this purpose. However, neural network or fuzzy logic-based control schemes in literature [32] - [40] are primarily concerned with speed or position tracking rather than MTPA operations.
On the other hand, if MTPA points can be tracked by parameter independent MPTA control schemes accurately, the tracked MTPA points can be utilized to improve the accuracy and dynamic response of the optimal reference d-axis current generation through online training [41] . However, study of seamless integration of online training with signal injectionbased control for MTPA operations has not been reported to date. In this paper, a novel curve fitting-based online training selflearning control (SLC) scheme is proposed. The training is based on the VSIC given in [29] as it tracks the MTPA points with high precision and robust to voltage and current harmonics. The VSIC is utilized to track the optimal d-axis current reference for MTPA operation and the proposed SLC scheme is trained online by the tracked optimal d-axis current reference. After a period of online training, the SLC generates the optimal d-axis current reference for MTPA operation with fast response. In this way, the proposed control scheme not only retains the advantages of VSIC, such as parameter independence, high accuracy in tracking the MTPA points, and robust to voltage and current harmonics, but also has a fast dynamic response. Furthermore, the online training of the SLC does not affect the MTPA operation of the IPMSM drive.
II. SLC SCHEME FOR MTPA OPERATION
A. MTPA Point Detection
VSIC-based MTPA point tracking control scheme is described in detail in [29] . A high-frequency sinusoidal signal Δβ is injected into machine current angle β with respect to the q-axis
where I a is measured current amplitude. Since, the iron loss influence on MTPA operation is negligible [42] , the mechanical power P m can be expressed as follows: (2) into (4), the electromagnetic torque associated with high-frequency signal injection can be expressed in the following equation:
It has been shown in [26] that if T e h from (5) is processed by the signal processing block shown in Fig. 1 , the output of the signal processing S will be proportional to ∂T e /∂β [29] . S can be defined as a MTPA quality indicator. If the MTPA quality indicator S is fed into an integral regulator with a negative gain, the d-axis current reference can be generated and is adjusted by the VSIC scheme until ∂T e /∂β = 0 when the MTPA point is reached. It should be noted that (5) which is employed to generate the signal proportional to ∂T e /∂β is independent of the motor parameters except the phase resistance. However, since the voltage drop on the resistance is very small, its nominal value at the rated operating temperature will be sufficient to ensure good accuracy.
The MTPA quality indicator S can also be utilized to identify the d-axis current reference of MTPA operation for a given torque command. The corresponding d-axis current reference and torque reference will be recorded as a tracked MTPA point of the MTPA trajectory shown in Fig. 2 .
It should be noted that MTPA operation is only valid in steady-state sense. Thus, the S signal is masked during d-and q-axis current transients for a small period of three times of the current loop time constant. Fig. 2 shows the relationship between reference torque and corresponding optimal d-axis current for MTPA operation. For a given reference torque, there is a unique optimal d-axis current for MTPA operation. If a sufficient number of MTPA points on the curve, a to g in Fig. 2 , are known, other points on the curve can be approximated by interpolations among these known points. The proposed SLC scheme is based on this idea.
B. Principle of Proposed SLC Scheme
As shown in Fig. 2 , in order to have an even distribution of recorded MTPA points, the applicable reference torque range of a machine is divided into n sections and each section records one tracked MTPA point. By way of example, seven sections are shown in Fig. 2 . The references torque and their corresponding d-axis currents of tracked MTPA points are recorded as column vectors T MTPA and i dMTPA . If a new MTPA point is tracked in section m, the m th element of T MTPA and i dMTPA will be replaced by the corresponding value of the new MTPA point. This process repeats during the SLC operation.
Since MTPA points on the curve can be tracked by VSIC accurately, the training process is performed under VSIC operation. The schematic of the proposed SLC scheme is shown in Fig. 3 .
Each newly tracked MTPA d-axis current (i dMTPA ) which is tracked by VSIC and the corresponding torque reference 
where T 1 and T 2 are the torque references of e and f , respectively, and i d1 and i d2 are the d-axis currents of e and f . i dSLC is the output of the SLC.
Once the control scheme is trained, the output of SLC (i dSLC ) should approximate the optimal d-axis current of MTPA operation. If the number of sections is sufficient, the error between the MTPA d-axis current and the SLC output will be very small. The final d-axis current reference will be a combination of i dSLC and an error compensation component generated from VSIC.
C. Description and Features of the Proposed Scheme
The schematic of the proposed SLC scheme for MTPA operation is shown in Fig. 4 . It consists of conventional PI current control loops for tracking the reference d-and q-axis currents, a virtual signal injection (VSI) processing unit, and a selflearning controller. The output of the VSI processing unit is fed to an integrator. The d-axis current reference is the sum of the SLC output and the integrated output.
Before training, the T MTPA and i dMTPA are zero vectors initially or data associated with the MTPA curve generated offline using nominal motor parameters may be stored. If a torque demand, T ref in Fig. 4 , is larger than the maximum value in vector T MTPA , the output, i dSLC , of the SLC will equal to the element in vector i dMTPA which corresponds to the maximum torque reference in T MTPA . If T ref is located between two elements of T MTPA , as shown in Fig. 3 , the i dSLC can be obtained through linear interpolation of the two recorded MTPA points according to (6) . Before the SLC controller is fully trained, its output may deviate from the MTPA point by a large margin. However, any error will be adjusted by the integrator output until the output S of VSI processing block approximate to zero, i.e., the MTPA operation is realized [29] . Since the integrator in Fig. 4 will accumulate value, in order to increase d-axis current response, at each time when the absolute value of reference torque step is larger than a predefined threshold the integrator will be reset. Meanwhile the i dSLC will be updated according to the new reference torque based on the data recorded in T MTPA and i dMTPA when the integrator is reset. For the condition that the torque step is smaller than the threshold, because the corresponding change in d-axis current should be small too, the i dSLC will not update and the small error will be compensated by the VSI in short time. The T MTPA and i dMTPA will be updated continuously by the reference torque and resultant d-axis current. The exact value of the predefined threshold is not important, as it only affects slightly the MTPA tracking response.
When a torque step is larger than the threshold, S signal will be masked for a small period of time. After this period, the VSI will drive the resultant d-axis current toward the MTPA point and the T MTPA and i dMTPA will be updated continuously by the reference torque and the resultant d-axis current. Since the VSI adjusts the d-axis current toward the MTPA point, the resultant d-axis current can be considered as the i dMTPA in Section II-B and the newly recorded d-axis current in i dMTPA should be very closer to the actual MTPA point than the previously recorded in i dMTPA .Therefore, the accuracy of SLC output will continuously be improved. Moreover, a more accurate SLC output will also accelerated the convergent rate of the d-axis current to the actual MTPA point. Therefore, although the MTPA daxis currents recorded in i dMTPA may initially have large error, they will eventually approach the ideal MTPA d-axis currents. Consequently, the proposed SLC can be trained online, and the training of the SLC will not affect the MTPA operation.
The q-axis reference current in Fig. 4 is generated from (7) base on the torque reference and d-axis current reference
where L d , L q , and Ψ m in are d-and q-axis inductances and permanent-magnet flux linkage, respectively. The machine parameters employed in (7) can either be the nominal machine parameters or obtained from LUTs as functions of d-and qaxis currents. It should be noted that if the parameters in (7) are inaccurate, the q-axis current will not yield the exact torque reference, and there will be torque control error. However, since the signal T h e in (5) which corrects the d-axis current is independent from these parameters, the resultant d-axis current still ensures that the motor operates on the MTPA points for the actual torque. The gap in the reference and actual torque can be corrected by the speed feedback loop in a speed servo drive. For EV tractions, however, the feedback correction will be performed by a human driver. Of course, if high-fidelity model parameters are stored in an LUT, the torque control accuracy can be improved.
III. SIMULATION OF THE PROPOSED CONTROL SCHEME
To verify the performance of the proposed SLC scheme, simulations were performed employing a high-fidelity nonlinear IPMSM machine model which represents the real electromagnetic behaviors of the IPMSM. The high-fidelity model is flux linkage-based and captures all nonlinear effects and high-order space harmonics as described in [43] . The machine specifications are listed in Table I . The motor was controlled in torque control mode in simulations. The applicable torque reference range of a machine is divided into 35 sections. The q-axis reference current was calculated based on (7) and the machine parameters in (7) were obtained from predefined LUTs as functions of d-and q-axis currents. Fig. 5 shows the variations of the resultant torque and d-axis current reference together with the SLC output when the torque varied between 9 and 68 N · m in steps periodically.
When t < 35 s, the SLC output was equal to the d-axis current reference recorded in i dMTPA which is corresponding to the maximum torque reference in T MTPA . The error between MTPA d-axis current for the torque reference T ref and SLC output was compensated by the VSIC, albeit its response was slow. However, when the proposed SLC scheme was trained, i.e., when t > 35 s, the output of SLC approximated the MTPA d-axis current and the approximation error was small. This error was still compensated by the VSIC. The speed of tracking response of the proposed control has been significantly increased.
The simulation results of the MTPA quality indicator S and d-axis current reference generated from the proposed SLC scheme under the same operating conditions as Fig. 5 are shown in Fig. 6 . It can be seen from Fig. 6 , before the proposed SLC scheme was trained, i.e., t < 35 s, at each torque reference step, the output of the signal processing block is initially large and then converged to zero gradually. This is because the large error of untrained SLC output and the tracking of the MTPA d-axis current references by the VSI has relatively slow converging rate. After the proposed SLC scheme has been trained, the output of the signal processing block becomes small and the d-axis reference current responds quickly to the torque change. Moreover, S always converges to zero, which implies that the d-axis current converges to the MTPA point and the training of the proposed SLC scheme based on the VSIC is accurate.
The resultant torque and the output of integrator in Fig. 4 are shown in Fig. 7 . The threshold to reset the integrator in this paper is set to 2 N · m. As shown in Fig. 7 , before the proposed control scheme is trained, i.e., t < 35 s, the values accumulated in the integrator are large and the integrator will be reset in every torque step. However, after the proposed control scheme is trained, the optimal d-axis current can be directly generated from the SLC and the output of integrator is close to zero. Therefore, whether it is reset or not will no longer has much effect. At t = 70 s, the permanent-magnet (PM) flux linkage in the machine model was reduced to 80% of its original value while the parameters in (7) used to compute the q-axis current reference were not changed. This may represent the combined effect of temperature increase and partial demagnetization of the machine. The change in the PM flux linkage caused the new MTPA point to deviate from the original MTPA point and the VSIC compensated the deviation. Meanwhile the T MTPA and i dMTPA are updated according to newly identified MTPA points.
It can be seen from Fig. 8 that in the first cycle after the parameter changed (from t = 70 s to t = 105 s), the d-axis current reference was obtained from the sum of SLC output and VSIC with relatively slow response. During this period, the proposed SLC was trained by the newly tracked MTPA d-axis current references. In the second cycle, after the machine parameter changed (t > 105 s), the proposed SLC has adapted itself to the new machine parameters and the output of the SLC reached the MTPA d-axis current reference tracked by VSIC of the new operation condition with fast response. And the training of the SLC did not affect MTPA operation of the IPMSM drive, albeit the torque control error increased.
The simulated torque and q-axis current responses under the same operating conditions as Fig. 8 are shown in Fig. 9 . Due to the change in the PM flux linkage, the torque error became significant. If continuous operation is thermally sustainable, the error can be compensated by the speed loop in a speed controlled drive system. While in EV traction, the loop is closed by the vehicle driver. linkage for the reference torque of 45 N · m. It can be seen from Fig. 10 , although the machine parameter in (7) was not accurate and the resultant torque was not equal to the torque reference, the VISC can still track the MTPA point accurately. Fig. 11 shows the simulation results when the reference torque step is smaller than the threshold. When t < 35 s, the proposed control scheme is not trained while the reference torque slowly increased with a 2-N · m/s gradient. Under this condition, the integrator in Fig. 4 will not be reset and i dSLC will not be updated. The d-axis reference is generated from the integrator based on the VSI and the proposed control scheme is still trained under this condition. When t > 35 s, the optimal d-axis current is generated from the SLC directly with fast response.
Simulations were also performed for the operating condition when the reference torque changes rapidly. As shown in Fig. 12 , the reference torque changes in steps between 20 and 40 N · m in every 2 s. Before the proposed control scheme is fully trained, i.e., t < 6 s, the VSI adjusts the d-axis current toward the MTPA d-axis current and the corresponding reference torque and d-axis current is recorded in T MTPA and i dMTPA . At each torque step, the integrator is reset meanwhile the SLC output is updated based on the data recorded in T MTPA and i dMTPA , simultaneously. As it can be seen in Fig. 12 , the accuracy of the SLC output continuously improves and eventually equal to the optimal values. The speed of tracking response of the proposed control has been significantly increased after the training.
IV. EXPERIMENT RESULTS
To verify the proposed SLC scheme, experiments were performed on a 10-kW IPMSM drive whose specification is given in Table I . The test rig for the experiments is shown in Fig. 13 . The motor was control in torque control mode and loaded by a dynamometer. The resultant torque was measured by a high precision torque transducer. The frequency and amplitude of the VSI was 1000 Hz and 0.001 rad, respectively. A fourthorder band-pass filter with a bandwidth of 1 Hz at the center frequency of the virtually injected signal was adopted by the VSI. The applicable torque reference range of the machine was divided into 35 sections as those in the simulations. The threshold to reset the integrator in this paper is set to 2 N · m.
A. MTPA Points Tracking Performance
The MTPA points tracking performances in steady state are illustrated in Fig. 14 . As shown in Fig. 14 , the payload torque was increased from 10 to 45 N · m in a step of 5 N · m at 1000 r/min. To determine MTPA points experimentally, torque variation with current angle when the current amplitude was kept constant was measured for each payload torque. The actual MTPA points are obtained through curve fitting of the measured torque data and they are represented in Fig. 14 by squares . Meanwhile, the proposed control was implemented by initial disable the SLC unit. Hence, the d-axis current references were generated by the VSIC scheme and the q-axis current references were generated according to (7) . The VSIC-based MTPA points tracking results are represented by circles. Table II compares the resultant torques of the VSIC and the measured torques at the MTPA points. It can be seen from Fig. 14 and Table II that the VSIC can always track the MTPA points with high accuracy and the torque error between the measured MTPA points and VSIC is less than 0.2%. It is also evident that the measured output torque under the VSIC is slightly lower than the torque reference. This is because the parameters in (7) are not accurate and presence of friction torque in the real machine.
B. PERFORMANCE OF PROPOSED CONTROL SCHEME DURING PAYLOAD TORQUE CHANGES
To validate the performance of the proposed SLC scheme during payload torque changes, the proposed control scheme was firstly tested with torque reference variations from 0 to 35 N · m in a step of 5 N · m at 1000 r/min. The proposed scheme was trained during this process. Subsequently, the torque reference was decreased from 35 to 0 N · m in a step of 5 N · m and the i dSLC was generated from the tracked MTPA points which were recorded in T MTPA and i dMTPA . Finally, the torque reference was increased from 3 to 28 N · m in a step of 5 N · m at 1000 r/min, so that the references do not coincide with the training data in order to valid the SLC performance at the operation conditions which the drive had not experienced previously. Fig. 15 shows the measured d-axis current together with measured torque and estimated torque when the torque reference is When the torque reference is stepped from 35 to 30 N · m, since the SLC had been trained at 30 N · m torque reference before, the output of the SLC approximated to the optimal d-axis current for the MTPA operation. As shown in Fig. 15 , the speed of tracking response of the proposed control was significantly increased and similar results can be observed when the torque reference is stepped from 30 to 25 N · m. The integrator output is shown in Fig. 16 for the purpose of illustration. Once the controller is trained, the d-axis reference current is directly generated from the SLC, hence the integrator output from the VSIC is closed to zero. It should be noted that the torque ripple in the measured torque is smaller than that in the estimated torque due to the low-pass filter effect in the torque transducer and its signal conditioning system. Fig. 15 . Before the SLC was trained, the q-axis current always had large over shoot due to the slow d-axis current response. However, after the SLC was trained, the over shoot was significantly reduced.
The torque reference was also increased from 3 to 28 N · m in a step of 5 N · m at 1000 r/min during the tests. Although the SLC was not trained at these torque references, since they were located between trained torque references, the SLC can still generate the d-axis current references for MTPA control accurately. Fig. 18 illustrates the d-axis current response when the torque reference is stepped from 8 to 13 N · m after the SLC has been trained. From Fig. 18 , a fast d-axis current response as well as measured torque response can be observed. This illustrates that the proposed SLC can produce the MTPA d-axis current even for the torque reference which it has not experienced before.
V. CONCLUSION
The proposed SLC scheme has employed curve fitting to establish the relationship between the torque and the d-axis current for MTPA operation. The proposed control scheme is trained from the MTPA points tracked by the VSIC scheme during drive operation. After the proposed control scheme has been trained, the d-axis current command for MTPA operation is directly generated from the SLC scheme for a given torque reference. Meanwhile, the VSIC scheme can still be utilized to compensate any error between the d-axis current command generated by the SLC and the ideal d-axis current for MTPA operation. The simulation and experiment results show that the proposed SLC scheme can generate accurate d-axis current command to ensure MTPA operation with fast response. The proposed control technique offers accurate MTPA tracking with fast torque response while being independent of machine parameter variations, and hence provides an effective mean for efficient operation of IPMSM drives.
